Introduction
Aging is associated with higher prevalence of both type 2 diabetes mellitus (T2DM) and insomnia. Thus, the increasing number of elderly patients with T2DM is accompanied by an increase in the prevalence of insomnia in T2DM patients [1] . Insomnia and DM have been shown to exacerbate each other, and this results in higher rates of coexistence [1, 2] . This is supported by findings that poorer sleep quality is independently associated with a higher prevalence [3] and incidence [4] of DM in the general population, and with higher glycated hemoglobin A1c (HbA1c) in T2DM patients [5, 6] . The previous studies estimated sleep quality by using self-reported questionnaires [2, 3] ; however, our recent study, using single-channel electroencephalography (EEG) to provide a precise estimate of sleep quality, demonstrated that poorer sleep quality was independently associated with higher HbA1c in T2DM patients [7] . These previous studies were of cross-sectional observational design and so causality could not be determined between sleep quality and glycemic control.
It has been reported that short-term sleep restriction induced changes in metabolic and endocrine function in healthy subjects, including in carbohydrate metabolism [8, 9] . An intervention to improve sleep quality might therefore improve glycemic control in T2DM patients. Thus, it is important to elucidate whether insomnia as a treatment target can improve glycemic control.
Continuous glucose monitoring (CGM) now allows a precise assessment of 24 h glycemic changes, making it possible to examine whether an intervention to treat insomnia could improve 24 h glycemic control in T2DM patients with insomnia [10] . Suvorexant, a dual orexin receptor antagonist, suppresses wakefulness and promotes sleep without affecting any neural systems other than the orexin system [11] . It therefore selectively ameliorates insomnia, unlike the commonly used benzodiazepines or non-benzodiazepine receptor agonists. This study examined whether suvorexant improved EEG-assessed sleep quality, CGM-assessed glycemic control, and sympathetic tone in T2DM patients with insomnia.
Subjects and Methods

Study design
This was a 7 day, open-label, single-arm, intervention trial, performed at a single institution, the Diabetes Center of Osaka City University Hospital (Fig. 1) . All eligible participants were hospitalized to minimize the impact of diet on glycemic control. Each subject's food intake was maintained at a constant level of approximately 28 kcal per ideal body weight (kg), with 60% of calories from carbohydrates. Although all the subjects suffered from insomnia, none had any history of medication for insomnia before admission. On admission (Day 0), a CGM device was attached to each subject for acclimatization [12] , and the intervention trial was started on Day 1. Details have previously been reported [12, 13] . On Days 1-3, the subjects received no medication for insomnia. At 10:00 PM on Days 4-6, just before the subjects went to bed, they were given suvorexant at a daily dose of 15 mg (for those aged > 65 years) or 20 mg (aged ≤65 years), according to the Japanese formulary. The type and dose of DM medications and daily caloric intake were kept unchanged throughout the 7 day study period.
Subjects
Japanese subjects with T2DM and insomnia (n = 18, 5 men and 13 women) were enrolled between March 2015 and March 2016 at the Diabetes Center of Osaka City University Hospital. The diagnosis of insomnia disorder was based on meeting the criteria of the Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition) (DSM-5) [14] . The diagnosis of T2DM was based on a history of DM or meeting the criteria for DM as defined in the Report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus [15] .
The median age and duration of DM of the subjects were 71 and 7 years, respectively. All were receiving multiple medications; these included dietetic therapy alone (n = 5) and oral hypoglycemic agents Fig. 1 . Outline of the study protocol. On Day 0, the subject's insomnia was assessed according to DSM-5 and PSQI and the subject was acclimatized to CGM. On Days 1-3, the subject took no insomnia medication. On Days 4-6, suvorexant (15 or 20 mg for subjects 65 and ≤65 years, respectively) was taken at 10:00 PM just before bedtime. On Days 3 and 6, the subject underwent measurements using singlechannel EEG, portable SAS monitoring, and an accelerometer. The subject's DM medications and daily caloric intake were kept unchanged throughout the study period. CGM, continuous glucose monitoring; DM, diabetes mellitus; DSM-5, Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; EEG, electroencephalography; PSQI, Pittsburgh Sleep Quality Index. including biguanide (n = 6), sulfonylurea (n = 4), dipeptidyl peptidase-4 inhibitor (n = 7), and α-glucosidase inhibitor (n = 3). Subjects who had been taking any sleep-promote drug and insulin therapy at least three months before this study were excluded from the present study. Blood was drawn after an overnight fast, and blood chemistry was measured by a routine standard method. HbA1c was determined using routine high-performance liquid chromatography and a latex agglutination immunoassay, and results were expressed as values equivalent to those in the National Glycohemoglobin Standardization Program [16] .
All subjects provided written informed consent prior to participation. This study was approved by the Institutional Ethics Committees at Osaka City University Graduate School of Medicine (Approval No. 3063) and was conducted in accordance with the principles of the Declaration of Helsinki.
Subjective assessment of sleep architecture
Sleep architecture was assessed subjectively and objectively. The subjective assessment was by a sleep diary [7, 17] and the Pittsburgh Sleep Quality Index (PSQI). On Days 1-6, the subjects were encouraged to complete the sleep diary in the evening before going to bed and in the morning upon awakening. They recorded their total sleep time by noting the time they tried to go to sleep (bed time) and the time they finally awoke for the day (wake time), as well as the number of minutes it took them to fall asleep (sleep latency) and the total number of minutes they spent awake after they initially fell asleep (arousal time during sleep). The total sleep time for each night was then calculated as the total time between bed time and wake time minus the sleep latency and wake time after sleep onset [18] . Sleep efficiency for each night was then calculated as the total sleep time taken as a percentage of the total time spent in bed. The mean values of self-reported total sleep time, sleep latency, arousal time during sleep, and sleep efficiency were compared between Days 1-3 and Days 4-6 (after suvorexant administration).
Insomnia was also assessed on Day 0 by the PSQI, an 18-item selfreport questionnaire designed to measure sleep quality and quantity over the preceding month, as we described previously [19] . A global score > 5 indicates poor sleep quality [19] .
Objective assessment of sleep architecture and the Apnea-Hypopnea index
On Days 3 and 6 (the third days of the observation and treatment periods), each subject underwent overnight monitoring using a singlechannel EEG (SLEEPSCOPE; SleepWell Co., Osaka, Japan). Each night recording was divided into 30 s sequential periods, which were manually classified as rapid eye movement (REM) sleep and non-REM sleep and further classified as light (stage 1/2) or deep (stage 3/4) sleep, as previously described [7] .
On the same nights, the Apnea-Hypopnea Index (AHI) was evaluated using a portable monitor that measured respiratory flow pressure, oxygen saturation, and heart rate (SAS2100; Nihon Kohden Corp., Tokyo, Japan), as previously reported [7, 20] . The AHI is defined as the number of apnea and hypopnea episodes per hour of sleep [21, 22] .
Measurement and analysis of the dawn phenomenon, insulin resistance, and daily glucose fluctuations
To assess daily glucose level fluctuations, each subject's glucose level was monitored continuously from Day 1 to Day 6 using a CGM device (iPro2 Professional CGM; Medtronic, Northridge, PA, USA). The dawn phenomenon (Δdawn, mg/dL), stochastic spontaneous glucose fluctuations during the early morning period after an overnight fast, was quantified by subtracting the nocturnal glucose nadir from the glucose value observed just before breakfast [23] ; the dawn phenomenon was considered to be present if the glucose level increased by ≥20 mg/dL, as previously reported [23, 24] . Insulin resistance was assessed using the homeostasis model assessment of insulin resistance (HOMA-IR), which has been widely used in large population studies [25, 26] . This is calculated according to the following formula [27] : HOMA-IR = fasting plasma insulin (μU/L) × fasting plasma glucose (nmol/L)/22.5.
Measurement and analysis of autonomic nervous function
Heart rate variability (HRV) was used as a noninvasive measure of autonomic nervous system modulation of cardiac activity. This was measured using an accelerometer (Activtracer AC-301 (ACT); GMS Inc., Tokyo, Japan) on Days 3 and 6, as previously described [28] . The coefficient of variation of RR intervals (CVR-R) and the standard deviation of the NN (i.e., R-R) intervals (SDNN) were calculated according to the recommendations for the clinical use of HRV [29] . SDNN is considered to reflect all the cyclic components responsible for HRV [29] .
Statistical analyses
Data are expressed as number (%), median (interquartile range; IQR), or mean ± standard deviation (SD), as appropriate. Changes in values before and after the insomnia therapy were compared statistically using paired Wilcoxon tests and Fisher's exact test. The statistical analysis was performed using the Stat View V system (Abacus Concepts, Berkeley, CA, USA) on an Apple computer. P values < 0.05 were considered statistically significant. Data are expressed as the median (range) of 18 subjects with T2DM for each 3 days of observation periods and of treatment periods. And data are analyzed by the paired Wilcoxon-tests. * p < 0.05. EEG, electroencephalogram; REM, rapid eye movement; AHI, apnea hypopnea index; SDNN, the standard deviation of the NN (i.e., R-R) interval; CVR-R, the coefficient of variation of RR intervals; ms, millisecond; HR, heart rate; bpm, beats per minute; T2DM, type 2 diabetes mellitus.
Results
Baseline clinical variables
The baseline clinical characteristics of the 18 subjects are shown in Table 1 The number of subjects exhibiting insomnia (PSQI > 5) and obstructive sleep apnea (AHI ≥5) on admission were 12/18 (67%) and 11/18 (61%), respectively. All characteristics parameters were no significant difference between men and women.
Changes in sleep architecture and autonomic nervous system activity Table 2 and Fig. 2 show the changes in sleep architecture and autonomic nerve function measured on Days 3 and 6, before and after treatment with suvorexant for insomnia. The sleep diary data revealed significant increases in median total sleep time, from 360 to 410 min (p = 0.028), and median sleep efficiency, from 77.6% to 88.0% After the treatment with suvorexant, median SDNN increased significantly from 109.5 to 113.2 ms (p = 0.044), and median CVR-R showed a tendency to increase, from 11.9% to 13.6%, although this did not reach statistical significance (p = 0.059). The median heart rate did not change appreciably, from 71.0 to 70.8 bpm (p = 0.164). There was no significant change in AHI.
Changes in daily glucose fluctuations and glycemic parameters Fig. 3 shows the mean 24 h glucose levels across all the subjects for the 3 days before (Days 1-3 ) and 3 days after (Days 4-6) treatment with suvorexant, and the analyzed CGM data are shown in Table 3 . There Fig. 2 . Comparison of EEG-assessed sleep quality and autonomic nervous system function before and after insomnia therapy in 18 subjects with T2DM and insomnia. Treatment with suvorexant significantly increased the median total sleep time (p = 0.012) with increases in both REM sleep time (p = 0.011) and non-REM sleep time (p = 0.049). As a result, median sleep efficiency increased significantly (p = 0.041). As well as, median SDNN increased significantly (p = 0.044), and median CVR-R showed a tendency to increase (p = 0.059).
* p < 0.05 before versus after therapy (Wilcoxon signed-rank test). EEG, electroencephalography; T2DM, type 2 diabetes mellitus; REM, rapid eye movement; SDNN, standard deviation of the NN (R-R) interval; CVR-R, coefficient of variation of R-R intervals.
were no significant differences in average glucose levels between Days 1, 2, and 3 or between Days 4, 5, and 6 (data not shown). A visual comparison of the 24 h glucose curves in Fig. 3 suggests that treatment with suvorexant resulted in a reduction in mean glucose levels over the period from midnight until dinner in the evening, with a narrower range in glucose fluctuations during this period. After treatment, the 24 h mean glucose level and glucose level at pre-breakfast decreased significantly from 157.7 to 152.3 mg/dL (p = 0.010) and from 146.9 to 139.9 mg/dL (p = 0.028), respectively. The SD for the 24 h glucose level, which reflects the amount of fluctuation, also decreased significantly, from 32.8 to 28.9 mg/dL (p = 0.015). The improvement of glycemic control by treatment with suvorexant was confirmed by a significant decrease in the area under the 24 h glucose level curve (AUC) from 227001 to 219554 mg/dL·min (p = 0.047). The AUCs for the periods 08:00-12:00 and 12:00-18:00 also decreased significantly, but those for 18:00-24:00 and 00:00-08:00 did not.
The mean of increase in glucose levels from the night nadir until just before breakfast (the dawn phenomenon) decreased significantly after treatment with suvorexant from 28.3 to 18.2 mg/dL (p = 0.002) (Fig. 4) . Before treatment, 14 subjects (78%) were positive for the dawn phenomenon (with an elevation > 20 mg/dL); this decreased to 8 subjects (44%) after treatment (Fig. 4) . HOMA-IR values significantly decreased after treatment from 4.0 to 2.9 (p = 0.044). (Table 3 )
Discussion
This study demonstrated that treatment for insomnia with suvorexant improved both sleep quality and glycemic control in the subjects with T2DM and insomnia. The HRV assessments of the subjects' autonomic nervous function suggested that the improvement in glycemic control may be influenced by the reduction of sympathomimetic activity with suvorexant. It is known that suvorexant, a dual orexin Fig. 3 . CGM-measured glucose levels before and after therapy for insomnia. Following treatment with suvorexant, the mean glucose levels of the 18 subjects decreased pre-breakfast, with this decrease maintained until just before dinner. CGM, continuous glucose monitoring.
Table 3
The change of parameters estimated by CGM and HOMA-IR before and after therapy for insomnia. receptor antagonist, suppresses wakefulness and promotes sleep without affecting neural systems other than the orexin system [11] , unlike benzodiazepines and non-benzodiazepine receptor agonists. This strongly suggested that improving sleep quality with suvorexant by itself could improve glycemic control in subjects with T2DM suffering from insomnia, possibly due in part to improved sympathetic nerve activity.
In this study, treatment with suvorexant resulted in significant improvement in 24 h glycemic control, with significantly reduced glucose level fluctuation. Of note, glycemic control was especially improved during the period from midnight to just before breakfast (the dawn phenomenon) and between breakfast and dinner.
The dawn phenomenon is caused by a spontaneous elevation in serum epinephrine and norepinephrine, as well as an increase in cortisol associated with the transition from sleeping to wakefulness. It has been previously reported that nocturnal increases in sympathetic nervous system activity, in addition to growth hormone, may be of importance in the development of the dawn phenomenon in patients with type 1 diabetes [30] . In this study, the increases in SDNN and CVR-R suggested that suvorexant treatment suppressed sympathetic nerve activity as well as improving sleep quality. On the basis of the sequence of events previously reported [7] , it is possible that it was the improvement in sleep quality with suvorexant that suppressed sympathetic nerve activity, thereby improving the dawn phenomenon.
Increased sympathetic nerve activity is associated with increased insulin resistance in T2DM patients [31] , so it is possible that the reduced insulin resistance with suvorexant treatment, as shown by the decrease in HOMA-IR, may be accounted for by the suppression of sympathetic nerve activity. We have previously reported a cross-sectional study in which poor sleep quality estimated by EEG was independently associated with poor glycemic control and increased insulin resistance in subjects with T2DM, although causality could not be determined [7] . However, taken together with the sequence of events observed in the present study, these findings suggest that insomnia in T2DM patients may impair glycemic control by increasing sympathetic activity and thereby increasing insulin resistance. Thus, tackling the insomnia could be a definite target for improving glycemic control in T2DM patients with insomnia.
The midnight surge in serum cortisol could induce the dawn phenomenon [32] . It has also been reported that daytime serum cortisol levels were inversely correlated with total sleep time in patients with chronic insomnia [33] and that T2DM patients, among whom there is a high prevalence of insomnia, showed upregulation of hypothalamic-pituitary-adrenal axis activity [34] . Therefore, although it is possible that suvorexant treatment for insomnia might improve glycemic control in subjects with T2DM, we observed that serum cortisol at 8:00 AM and overnight urinary free cortisol did not change significantly after the insomnia therapy (data not shown).
Suvorexant, an orexin receptor antagonist, was selected as the sleeppromoting drug for the present study because of its effect on sleep quality was more selective than that of benzodiazepines and non-benzodiazepine receptor agonists [35] . It has been reported that suvorexant promoted both REM and non-REM sleep in normal C57BL/6 mice [36, 37] . Each day, the orexin system is activated during the awake period and inactivated during the sleeping period [38] . Because of the stimulatory effect of orexin on food intake and sympathetic-driven hepatic glucose production [39, 40] , it is possible that insomnia-induced activation of the orexin system may impair the regulation of glucose homeostasis [41] . However, the present study kept the subjects' food intake constant throughout the whole 7 day study period, so it can be discounted that the improved glycemic control was a result of reduced food intake after suvorexant administration [42] . Furthermore, we did not change drug regimens which might affect glucose metabolism. Among the 18 enrolled patients, 7, 6, 4, and 3 patients have been taking dipeptidyl peptidase-4 inhibitor, biguanide, sulfonylurea, and α-glucosidase inhibitor, respectively. There was no significant change in improved glycemic control between those with and without each antidiabetic drug, negating the interaction of suvorexant with antidiabetic drug to augment their hypoglycemic effect.
Basal sympathetic tone is abnormally increased in T2DM patients [43] . It has been reported that disordered sleep with decreases in slowwave sleep may elevate nocturnal catecholamine levels [44] , which suggests that suvorexant might improve sympathetic tone (supported by the reductions in SDNN and CVR-R in the present study). Although it is possible that suvorexant centrally suppresses sympathetic nerve activity at the rostral ventrolateral medulla [45] , it has been shown that it Fig. 4 . Comparison of the dawn phenomenon before and after insomnia therapy in the 18 subjects. Mean values of the dawn phenomenon significantly decreased after insomnia therapy ( * p = 0.002;
Wilcoxon signed-rank test). Of the 14 subjects who initially exhibited a positive dawn phenomenon (a morning glucose elevation > 20 mg/dL), only 8 remained positive after the insomnia treatment.
took a long time for suvorexant to suppress sympathetic nerve activity in diabetic db/db mice [46] . This study had some limitations. First, the sample size was small, and all the subjects were ethnically Japanese. Second, the study was performed in a hospital setting, but CGM are ideally conducted at home within a daily routine environment; however, to minimize the influence of hospitalization and the CGM measurements on sleep architecture, the subjects were acclimatized by performing CGM the 1 day before the start of the study. Furthermore, hospitalization was needed to keep caloric intake and its time constant during study period in the present study.
The strengths of this study include consistency in daily caloric intake throughout the study period and evaluation of the effect of suvorexant on glycemic control after objective confirmation of improved sleep architecture and assessment of sympathetic tone using EEG and an accelerometer, respectively.
Conclusion
In conclusion, this study demonstrated that suvorexant treatment for insomnia of subjects with T2DM may improve glycemic control, as measured by CGM, by attenuating the early morning glucose level surge and then maintaining this decreased level until supper. The findings suggested that the improved glycemic control could be accounted for by the improvement in insomnia by itself, the attenuated sympathomimetic tone, and/or improved insulin sensitivity, although a direct effect of suvorexant on glycemic control could not be totally discounted. Thus, this study raised the possibility that amelioration of insomnia may be a target for improving glycemic control in T2DM patients with insomnia.
